Objective. Systemic sclerosis (SSc) is a rare intractable disease with unmet medical need and fibrosisrelated mortality. Absence of efficient treatments has prompted the development of novel therapeutic strategies, among which mesenchymal stem cells/stromal cells (MSCs) or progenitor stromal cells appear to be one of the most attractive options. The purpose of this study was to use the murine model of hypochlorite-induced SSc to investigate the systemic effects of MSCs on the main features of the diffuse form of the disease: skin and lung fibrosis, autoimmunity, and oxidative status.
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Objective. Systemic sclerosis (SSc) is a rare intractable disease with unmet medical need and fibrosisrelated mortality. Absence of efficient treatments has prompted the development of novel therapeutic strategies, among which mesenchymal stem cells/stromal cells (MSCs) or progenitor stromal cells appear to be one of the most attractive options. The purpose of this study was to use the murine model of hypochlorite-induced SSc to investigate the systemic effects of MSCs on the main features of the diffuse form of the disease: skin and lung fibrosis, autoimmunity, and oxidative status.
Methods. We compared the effects of different doses of MSCs (2. ) infused at different time points. Skin thickness was assessed during the experiment. At the time of euthanasia, biologic parameters were quantified in blood and tissues (by enzyme-linked immunosorbent assay, quantitative reverse transcriptionpolymerase chain reaction, assessment of collagen content). Assessments of histology and immunostaining were also performed.
Results. A lower expression of markers of fibrosis (Col1, Col3, Tgfb1, and aSma) was observed in both skin and lung following MSC infusion, which was consistent with histologic improvement and was inversely proportional to the injected dose. Importantly, sera from treated mice exhibited lower levels of anti-Scl-70 autoantibodies and enhanced antioxidant capacity, confirming the systemic effect of MSCs. Of interest, MSC administration was efficient in both the preventive and the curative approach. We further provide evidence that MSCs exerted an antifibrotic role by normalizing extracellular matrix remodeling parameters as well as reducing proinflammatory cytokine levels and increasing antioxidant defenses.
Conclusion. The results of this study demonstrate the beneficial and systemic effects of MSC administration in the HOCl murine model of diffuse SSc, which is a promising finding from a clinical perspective.
Systemic sclerosis (SSc) is a rare and severe connective tissue disorder characterized by multivisceral fibrosis due to excessive collagen deposition, vasculopathy, and autoimmunity. Skin sclerosis and Raynaud's phenomenon are the main clinical features, which exhibit a strong effect on quality of life, whereas involvement of multiple organs, such as pulmonary fibrosis, is life-threatening and intractable. The conventional therapeutic approach is based on symptomatic treatment or immunosuppression, but it is ineffective in curing the most severe involvement, thus leading to the need for palliative care (oxygen therapy, cardiopulmonary trans-plantation) (1) . During the last decade, hematopoietic stem cell transplantation has been proposed in SSc, but this approach is restricted by several limitations, such as high levels of toxicity and treatment-related mortality, requiring precise selection of patients (2) . Consequently, SSc remains an incurable disease with severe fibrosisrelated morbidity and mortality, in which novel and potent therapeutic approaches are being sought.
Recently, the usefulness of multipotent mesenchymal stem cells/stromal cells (MSCs) or progenitor stromal cells for the treatment of autoimmune diseases, including SSc, has been explored, and MSCs are currently under evaluation in clinics (3) . MSCs are adult multipotent progenitor cells that are present in connective tissues such as bone marrow, adipose tissue, synovium, placenta, and umbilical cord. They are characterized by plastic adherence in culture, with a fibroblast-like morphology, a combination of positive surface markers (such as CD73, CD90, CD105), and an ability to differentiate into several lineages (osteoblasts, chondrocytes, and adipocytes). MSCs also display immunomodulatory properties, as shown in preclinical and clinical studies in rheumatoid arthritis, graft-versushost disease, multiple sclerosis, systemic lupus erythematosus, and Crohn's disease (4) (5) (6) (7) (8) . In refractory SSc, analysis of 6 clinical cases suggested that systemic infusion of MSCs may provide a therapeutic benefit (9, 10) . Nevertheless, the complex and specific features of SSc compared with other autoimmune diseases raise numerous questions that are still to be solved in preclinical studies.
Most studies performed to date have focused on the antifibrotic properties of MSCs in lung or skin and in the murine bleomycin-induced model of fibrosis, which does not encompass the systemic nature of SSc (11, 12) . In contrast, the HOCl-induced model of SSc is based on the repeated exposure of mice to oxidative stress, and after 6 weeks, HOCl-injected mice show collagen deposition in skin and lungs, some vascular abnormalities, advanced oxidation protein products (AOPPs) in serum, and anti-Scl-70 autoantibody production (13) . The unique feature of this model lies in the ability to investigate the systemic effects of treatment in diffuse SSc, where lung and skin fibrosis coexist. We describe herein our findings of the therapeutic effects of MSCs in the HOCl-induced model of SSc: modulation of inflammation, oxidative balance, and tissue remodeling.
MATERIALS AND METHODS
Experimental design and animals. SSc was induced by daily intradermal injections of HOCl, as previously described (13) . Control mice received daily injections of phosphate buffered saline (PBS). The studies were performed according to the Laboratory Animal Care guidelines with approval from the Regional Ethics Committee on Animal Experimentation (CEEA-LR-11054). All experiments were performed in BALB/c mice, except for the biodistribution study, which was performed in C57BL/6 mice. HOCl-injected mice received an infusion of 2.5 3 10 5 , 5 3 10 5 , or 10 6 MSCs in the tail vein at the time points indicated below. Skin, lung, and blood samples for molecular and histologic analyses were obtained at the time of euthanasia.
Isolation and culture of MSCs. MSCs from BALB/c or C57BL/6 green fluorescent protein (GFP)-positive mice were isolated from bone marrow, cultured, and characterized as described elsewhere (14) . Cells were used before passage 15.
Histopathologic analysis. Sections (5 mm thick) of paraffin-embedded samples were stained with Masson's trichrome or immunostained with antibodies to a-smooth muscle actin (a-SMA) (1:100 dilution, catalog no. ab5694; Abcam), transforming growth factor b (TGFb) (1:100 dilution, catalog no. ab66043; Abcam), Ki-67 (SP6) (1:200 dilution, catalog no. VP-RM04; Vector), CD3e (M-20) (1:250 dilution, catalog no. sc-1127; Santa Cruz Biotechnology), F4/80 (1:50 dilution, catalog no. MF4800; Invitrogen), or paired box protein 5 (PAX-5) (1:250 dilution, sc-1974 [C-20]; Santa Cruz Biotechnology). Slides for histologic assessment were scanned using a NanoZoomer (Hamamatsu) or Pannoramic 250 Flash II (3DHistech) slide scanner for immunofluorescence. Mean dermal thickness was calculated at more than 30 points in each section using ImageJ software (National Institutes of Health). The extent of immunostaining was quantified using Definiens Tissue Studio software.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis. RNA was extracted from crushed samples using an RNeasy Mini kit (Qiagen). RNA (1 mg) was then reverse transcribed using Moloney murine leukemia virus reverse transcriptase (Invitrogen). Quantitative PCR was performed on 20 ng of complementary DNA using LightCycler 480 SYBR Green I Master and a real-time PCR instrument (Roche Applied Science). Primers were designed using the web-based applications Primer3 and BLAST (available upon request from the corresponding author). Samples were normalized to the expression of messenger RNA (mRNA) for the TATA box binding protein (TBP) gene for tissue samples or GAPDH for MSC cultures. The results were reported relative to the expression of these housekeeping genes using the formula 2 2DCt or as the fold increase in expression using the formula 2 2DDCt . Analysis of GFP expression by qPCR. DNA was extracted using a DNeasy blood and tissue kit (Qiagen). Quantitative PCR was performed with 80 ng of DNA on a real-time PCR instrument (Viia7; Applied Biosystems) using SYBR Green Master mix and GFP primers (available upon request from the corresponding author). Results were compared with a standard curve of serial dilutions of GFP1 cells and then extrapolated to the whole organ for quantification, as previously described (15) .
Tissue collagen content and lung phosphorylated Smad3 content. Collagen content in tissues was assayed according to the quantitative dye-binding Sircol method, using acid-pepsin extraction (Biocolor). The results were expressed as the collagen content in skin (mg/mm 2 ) and lung (mg/mg). Phosphorylated Smad3 was measured in lungs using an InstantOne enzyme-linked immunosorbent assay (ELISA) (eBio-science). The results were expressed as arbitrary units per milligram of lung.
Determination of serum AOPP levels, total antioxidant capacity, and anti-Scl-70 levels. AOPP concentrations were measured by spectrophotometry as previously described (16) . The results were expressed as chloramine T equivalents (mM). The total antioxidant capacity in a 1:10 dilution of serum was determined using an antioxidant assay kit (Cayman). The results were expressed as Trolox equivalents (mM). AntiScl-70 antibodies were detected in sera (1:5 dilution) using an Scl-70 Ig ELISA kit (Abnova).
Statistical analysis. All quantitative data were expressed as the mean 6 SEM. Data were compared using the Mann-Whitney test for nonparametric values, Student's t-test for parametric values, and one-way ANOVA for more than 2 groups. For correlations, regression analysis was performed with Pearson's rank correlation test. All statistical analyses were performed using GraphPad Prism 6 software for Mac OS. P values less than 0.05 were considered significant.
RESULTS
Induction of skin and lung fibrosis and production of anti-topoisomerase I antibodies following HOCl injection. The HOCl model of SSc has been previously described (13) , but the timing and the molecular characterization of the fibrotic process have not been investigated so far. We therefore recovered tissue samples at different time points and quantified several markers of fibrosis by qRT-PCR. Compared with PBS-injected Figure 1 . HOCl induction of skin and lung fibrosis and anti-topoisomerase I antibody (Ab) production. A, Skin thickness in HOCl-injected and phosphate buffered saline (PBS)-injected mice (top). Between-group comparisons at each time point from day 7 to day 42 were significant at P , 0.001. The collagen content in the skin of HOCl-injected mice and PBS-injected mice (broken horizontal line) is also shown (middle). The correlation between the collagen content in the skin and the skin thickness was determined in HOCl-injected mice (r 5 0.7486, P 5 0.0013 by Pearson's rank correlation test) (bottom). B, Expression of mRNA for Col1, Col3, Tgfb1, and aSma (normalized to Tbp expression) in the skin (left) and lungs (right) of HOCl-injected mice (expressed as the fold change compared with PBS-injected mice). Broken horizontal lines show the mean levels in PBS-injected mice. Values are the mean 6 SEM of 8 mice per group. C, Representative sections of skin (original magnification 3 10) and lung (original magnification 3 20) obtained on day 42 from PBS-and HOCl-injected mice. Sections were stained with Masson's trichrome. D, Levels of advanced oxidation protein products (AOPPs) in sera from PBS-and HOCl-injected mice (expressed as chloramine T equivalents) (top). The total antioxidant capacity of sera from the 2 groups (expressed as Trolox equivalents) is also shown (middle). Serum levels of anti-Scl-70 antibody in the 2 groups were determined by enzyme-linked immunosorbent assay (optical density at 450 nm) (bottom). Each symbol represents a single mouse; horizontal lines with bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/journal/doi/10.1002/art.39477/abstract. mice, HOCl-injected mice exhibited an early and progressive thickening of skin from day 7 to day 42 ( Figure  1A ). In HOCl-injected mice, progressive collagen deposition was noted in the skin and correlated with skin thickness, which could reliably predict fibrotic changes in skin ( Figure 1A) .
At the molecular level, mRNA for types I and III collagen exhibited peaks of expression on days 21 and 42 ( Figure 1B ). On day 42, the levels of Col1 and Col3 were, respectively, 10 and 7 times those observed in PBS-injected mice. Two other markers of fibrosis, Tgfb1 and aSma, were statistically increased in HOCl-injected mice and expressed at similar levels from day 21 to day 42, except for day 28 ( Figure 1B ). Histologic analysis of fibrogenesis in the skin revealed a 2-step process. First, from day 14, we observed transparietal highly proliferative cellular infiltrates, which were even more obvious on day 21 (data available upon request from the corresponding author). This polymorphous infiltration included a-SMA1 and TGFb1 myofibroblasts, as well as F4/801 macrophages and CD31 T lymphocytes (data available upon request from the corresponding author). We did not detect PAX-51 B cells, however. In the second phase from day 21 to day 42, this cellular infiltration was progressively replaced by extracellular matrix (ECM) deposition, which disorganized all skin layers, resulting on day 42 in an intense thickening of the dermis and regression of hypodermic adipose tissue ( Figure  1C and data not shown).
Fibrosis was also observed in the lungs, as indicated by the same markers as above. While Col1 was only significantly increased on day 42, Col3 expression was up-regulated as early as day 14 and significantly on days 14, 21, and 42 ( Figure 1B ). Similar profiles were noted for Tgfb1 and aSma ( Figure 1B ). Histopathologic analysis corroborated these results, disclosing cell infiltration, thickening of pulmonary intraalveolar septa, and ECM deposition in HOCl-injected mice on day 42 ( Figure 1C) .
Finally, we confirmed the modulation of oxidative stress, as characterized by increased AOPP production and decreased total antioxidant capacity in sera from HOCl-injected mice ( Figure 1D ). In addition, the development of fibrosis was associated with the production of anti-Scl-70 autoantibodies ( Figure 1D ), as observed in human SSc and as has previously been des- cribed in HOCl-injected mice (13) . Taken together, these results confirmed that daily intradermal injections of HOCl in these mice induced diffuse SSc in a timedependent manner.
Efficiency of a single infusion of MSCs for reducing both skin and lung fibrosis. The main objective of this study was to investigate the potential therapeutic role of MSCs in the HOCl model of SSc. We therefore evaluated the effect of a single systemic infusion of MSCs as a preventative by delivering a single infusion of 3 different doses of MSCs (2. ) on day 0. We used bone marrow MSCs isolated from syngeneic mice, which were characterized by the expression of spinocerebellar ataxia type 1 (SCA-1), CD44, and CD73, and the absence of CD45 and CD11b. Cells were shown to differentiate into osteoblasts, adipocytes, and chondrocytes and to exert an immunosuppressive effect on the mitogen-induced proliferation of T lymphocytes (data available upon request from the corresponding author). Control groups (PBS-injected and untreated HOClinjected mice) received an intravenous infusion of PBS.
Progression of skin fibrosis was similar in all groups until day 14 ( Figure 2A) . On day 21, the 3 MSCtreated groups exhibited 25-30% lower skin thickness as compared with the untreated HOCl-injected group (Figure 2A) . However, the best results were obtained with the lowest dose of MSCs (2.5 3 10 5 ), with a sustained reduction of skin thickening throughout the experiment. At the end of the experiment (day 42), skin thickness was significantly lower in the group treated with 2.5 3 10 5 MSCs than in the group treated with 10 6
MSCs or in the untreated HOCl-injected group. This dose-related effect was also illustrated when measuring the area under the curve for the entire 6-week experiment ( Figure 2A ). We then evaluated the effect of MSC infusion at the molecular and histologic level. The total collagen content in the skin on day 42 was significantly reduced in all MSC-treated groups, with the best results occurring with the lowest dose ( Figure 2B ). When considering the expression of transcripts for Col1, Col3, Tgfb1, and aSma in skin on day 42 ( Figure 2C ), a gradual doseeffect was observed that was inversely proportional to the MSC dose. Only the 2.5 3 10 5 dose of MSCs allowed a significant reduction in 3 of these 4 markers of fibrosis. Histologic analysis disclosed less ECM depo- sition and cellular infiltration in the MSC-treated mice, which was related to the dose and was also evidenced by dermal thickness ( Figure 2D ).
The expression of mRNA for the fibrosis markers Col1, Col3, Tgfb1, and aSma in lung tissues was decreased by the same proportion in the 3 MSC-treated groups and reached the levels in healthy mice ( Figure  3A ). Histologic analysis revealed fewer fibrotic lesions in the MSC-treated groups than in the untreated HOClinjected group, whatever the dose of MSCs infused (Figure 3B ). More precisely, intraalveolar septa exhibited almost normal architecture in the MSC-treated groups, with fewer parenchymal cell infiltrates.
With regard to the parameters of systemic oxidation, decreased serum AOPP production ( Figure 3C ) was observed in all MSC-treated groups, significantly so in the 10 6 MSC-treated group. The highest dose was also associated with higher serum antioxidant capacity, reaching the levels in the untreated PBS-injected mice ( Figure 3C ). In parallel, serum levels of anti-Scl-70 antibody were significantly reduced whatever the dose infused ( Figure 3C ). In summary, MSC infusion before disease induction reduced all parameters of fibrosis in both skin and lung in these mice. Notably, the most efficient therapeutic effect was observed with the lowest dose of 2.5 3 10 5 MSCs. Improvement in the therapeutic effects of a second infusion of MSCs. Although skin thickness was improved in MSC-treated, HOCl-injected mice, the disease progression in this group paralleled that in the untreated HOCl-injected mice after day 21 (slope 5 0.0197 and 0.01768 mm/day, respectively, from day 28 to day 42) (Figure 2A) , and no additional benefit was observed after this time point. We therefore hypothesized that a second infusion of MSCs on day 21 might allow sustained slowing of disease progression. When compared to the group treated on day 0, the group receiving MSCs on day 0 and day 21 showed a slower progression of skin thickening from day 28 to day 42, resulting in an additional 15% improvement on day 42 (slope 5 0.0197 and 0.005869, respectively, from day 28 to day 42) (Figures 4A and B) . Accordingly, a stronger decrease in the expression of the fibrosis markers Col1, Tgfb1, and aSma in skin was noted in this group treated on day 0 plus day 21 ( Figure 4C ). However, no further improvement was noted in the lungs, since the levels of these markers of fibrosis were already normalized by a single infusion of MSCs ( Figure 4D ).
Improvement in both skin and lung fibrosis after a single infusion of MSCs during the disease course. We next investigated whether MSCs might exert beneficial effects on skin and lung fibrosis after the SSc had become established. We therefore studied the effect of a late single infusion of MSCs on day 21 in a curative approach. Interestingly, a single infusion on day 21 blocked disease progression 1 week after treatment and continued until the end of the experiment ( Figure 5A ). Moreover, the day 21 infusion resulted in a significant reduction in the expression of Col1, Col3, Tgfb1, and aSma in the skin ( Figure 5B ) and a significant reduction of Col3 and Tgfb1 in the lung ( Figure 5C ). These results were corroborated by the finding of less deposition of collagen in lung tissue as compared with that in untreated HOCl-injected mice ( Figure 5D ), as well as a lower level of Smad3 phosphorylation ( Figure 5D ). Most notably, both parameters reached the levels found in healthy mice. These results therefore indicate that a single infusion of 2.5 3 10 5 MSCs is effective as a curative approach in these mice after the SSc phenotype has become established.
Association between the therapeutic effect of MSCs in HOCl-injected mice and changes in tissue remodeling and inflammatory and oxidative parameters. In order to better understand the antifibrotic effects of MSCs observed in the lung and skin samples, we investigated the molecular mechanisms that might be involved. We first focused on mice euthanized on day 21, since day 21 was a crucial time point for the development of fibrosis in HOCl-injected mice ( Figures 1A and B) and was also the time point at which MSCs injected on day 0 had the most important effect on skin thickness reduction (Figure 2A) .
On day 21, MSC-treated mice exhibited lower levels of mRNA for the cytokines Il1b, Tnfa, Il6, and Il10 in the skin as compared with the expression in untreated HOCl-injected mice ( Figure 6A ). Histologic analysis disclosed fewer Ki-671 proliferative cellular infiltrates and fewer CD31 and F4/801 cells (data available upon request from the corresponding author). Interestingly, MSC treatment also led to a reduced expression of transcripts for tissue remodeling parameters, such as Timp1, Hgf, Vegfa, and Mmp9, in the skin on day 21 ( Figure 6A ). However, on day 42, only Tnfa and Il6 were significantly lower in the MSC-treated group, suggesting a timelimited effect of MSCs (data available upon request from the corresponding author). Of note, a second infusion of MSCs on day 21 led to a normalization or decrease in the expression of mRNA for all of the above-mentioned genes, indicating a better therapeutic effect (data available upon request from the corresponding author). Antiinflammatory and remodeling effects were also observed on day 42 in mice treated with a single infusion of MSCs on day 21 (data available upon request from the corresponding author).
We then focused on the lung tissues examined on day 42 and observed a down-regulation of Il1b, Tnfa, and Il10 in mice treated with MSCs on day 0, as well as an up-regulation of Il1ra ( Figure 6B ). Tissue remodeling parameters were also affected by MSC treatment, as illustrated by a significant up-regulation of the Mmp1:
Timp1 ratio, together with a down-regulation of Tgfbr2, Hgf, Mmp9, and Vegfa expression ( Figure 6B ). Interestingly, MSC infusion on day 21 resulted in a different cytokine response in the lung. This was characterized by a lower expression of Tnfa, together with an upregulation of Il10 and Tsg6 ( Figure 6C ). Of note, this curative approach also led to a significant increase in the Mmp1:Timp1 ratio ( Figure 6C ).
We also searched for possible antioxidant mechanisms in day 21-treated mice and noted a significant up-regulation of the expression of mRNA for the antioxidant enzymes Hmox1 and Sod2 in the lung ( Figure  6C ) and for Sod2 in the skin (data not shown). These findings could be related to an enhanced antioxidant capacity of serum in these mice ( Figure 6D) .
Taken together, all of these results indicate that MSCs counteract the effects of oxidation-induced damage and fibrotic processes in HOCl-injected mice. These effects are mainly mediated through the tissue modulation of ECM remodeling, inflammation, and antioxidant machinery.
DISCUSSION
This study provides original preclinical data concerning MSCs as a potent treatment in a relevant murine model of the diffuse form of SSc. We demonstrated that administration of MSCs is efficient in reducing inflammatory, oxidative, and fibrotic processes. Importantly, MSCs had the ability to not only counteract SSc induction when injected preventively, but also reduce the severity of systemic involvement in a curative approach once the disease was established.
Prior to the present study, the therapeutic properties of MSCs had only been described in the rodent acute lung injury model, in which infusions of MSCs were given during the first hours or days following intratracheal instillation of bleomycin (17) (18) (19) (20) (21) (22) . Those studies gave evidence of the ability of systemically infused MSCs to home to the injured regions of the lungs, where they exerted an antiinflammatory effect (11) . However, none of the previously reported studies examined either chronic lung fibrosis after repeated bleomycin intratracheal instillations or systemic fibrosis after repeated intradermal bleomycin injections, and thus, the studies did not consider all of the features of SSc. Moreover, in the systemic bleomycin model, there was no mention of AOPPs or specific anti-Scl-70 antibodies (12) . It was for these reasons that we chose the HOClinduced mouse model of SSc described by Servettaz et al (13) since it is analogous to diffuse SSc in humans.
We have now added to the initially reported information our own findings concerning the analysis of fibrosis development at the molecular level and the time dependency of the changes. We demonstrated that types I and III collagen were highly induced, and we confirmed the pivotal role of TGFb pathway activation in the process. We also noted the overexpression of TGFb receptor type II in tissues, as has been described in human SSc (23, 24) and in a genetic mouse model of the disease (25) .
In our study, MSCs showed a protective effect on skin fibrosis, which was inversely proportional to the MSC dose, with the best results on all molecular markers occurring with the lowest dose of MSCs examined (2.5 3 10 5 ). Interestingly, these dose-related effects affected only the skin, as most of the markers in the lung were decreased to the levels in healthy mice with each of the 3 MSC doses we examined. MSCs prevented the onset of lung fibrosis in treated mice, as documented by the normal parenchymal architecture in the absence of fibrotic lesions and inflammatory infiltrates. These substantial effects likely resulted from the abundance of MSCs in the lung, since it is the primary target of systemically infused MSCs.
One explanation for the inverse dose effect of MSCs in the skin might be that a greater number were trapped in the lung following the occurrence of microemboli. We believe this was not the case, since we did not detect any recruitment of the cells to the skin at the sensitivity limit of the technique we used (data available upon request from the corresponding author). Although we cannot fully explain the inversely proportional effects of the MSC dose on the skin, the effects are consistent with those reported in other studies (26) (27) (28) . Nevertheless, few dose-escalation studies have been reported, and positive dose-related effects were usually observed (29, 30) . These contradictory results are likely due to the source of the stem cells, the pathologic environment, and the timing and route of injection. Another possible explanation for the inverse dose effect may be connected to the release of cytokines by MSCs that can determine contrasting biologic responses at low and high concentrations. Taken together, it seems that "more is not always better and the minimum and maximum effective doses must be determined based on the clinical application," as asserted by Murphy et al (28) .
In our preventive approach, MSCs seemed to have a time-limited effect, characterized by a maximum impact on skin on day 21, followed by a progressive escape. One possible reason for this may be related to the survival of MSCs in the tissues. Indeed, despite their ability to migrate to injured tissues, MSCs are rapidly cleared after systemic infusion (20, 31) , yet the benefits can be observed long after their disappearance and support a "hit and run" mechanism rather than a long-term engraftment in tissues (32) . Consistent with this, benefits were observed in our study while MSCs did not migrate to the skin and did not persist in the lungs for more than a couple of days (data available upon request from the corresponding author). The long-lasting effects of MSCs have thus been proposed to stem from paracrine secretion of soluble factors or microvesicles, such as exosomes (33) . A second reason for this time-limited effect may be directly due to the SSc model we used. Indeed, continuous injections of HOCl during the entire experiment undoubtedly contributed to disease progression and, thus, to a limitation of MSC benefits. These two ideas are also supported by the benefits obtained with the late injection on day 21. These benefits are particularly valuable considering that fibrosis was already established at this time.
In our model, the therapeutic effects of MSCs likely involve their ability to secrete antiinflammatory cytokines and trophic molecules, even if their ability to differentiate into alveolar epithelial cells could account for their regenerative potential (17, 20) . The antiinflammatory effects of MSCs are well documented and primarily depend on paracrine mechanisms (34, 35) . Similar to previous studies in rodent models of lung diseases, we found an up-regulation of Il1ra and Tsg6 in the lungs of treated mice, combined with a steady downregulation of inflammatory cytokines (11, 19, 36) . We also noted lower levels of autoantibodies in MSCtreated mice, suggesting reduced B cell activation. Interestingly, we showed that IL-10 secretion in lung depended on the timing of MSC infusion, resulting in an early up-regulation of the gene expression, followed by a strong down-regulation. Indeed, the role of this cytokine in fibrotic processes remains a topic of controversy (37) (38) (39) . Most commonly recognized as an antiinflammatory cytokine in acute lung injury, long-term overexpression of Il10 has also been associated with the development of fibrosis (40, 41) .
This study is the first to show the dysregulation of tissue remodeling activity in the HOCl model, consistent with available data on human SSc and the efficacy of MSCs in reverting this pathologic process (42) . First, MSC infusion augmented the Mmp1:Timp1 ratio, promoting clearance of fibrosis in tissues. Second, MSC infusion down-regulated other metalloproteinases whose biologic properties differ from those of Mmp1 (i.e., Mmp9 and Mmp2 [data not shown]). These other MMPs are known as gelatinases, and they exhibit no collagenase activity. These 2 enzymes may contribute to tissue inflammation through neoangiogenesis and recruitment of neutrophils (43) . Third, MSCs were able to normalize the increased expression of vascular remodeling factors in the skin of HOCl-injected mice, such as Pecam1 (data not shown) and Vegfa, the latter currently under discussion as a new therapeutic target in SSc (44, 45) . Finally, MSCs partially reverted the strong increase in Hgf observed in the skin of HOCl-injected mice. Although Hgf has pleiotropic actions and may have an antifibrotic effect, it is also increased in human SSc and is associated with disease severity (42) .
We also demonstrated that MSCs exert their therapeutic effects by increasing the antioxidant defenses of animals. Indeed, MSC infusion was associated with an up-regulation of antioxidant enzymes in target tissues, leading to an increased total antioxidant capacity and reduced levels of AOPPs in mouse sera. This is of particular interest considering the high levels of AOPPs in SSc and their potential to dysregulate fibroblast and endothelial cell proliferation in vitro (16) . AOPPs are considered not only markers of oxidative stress in SSc, but also vectors of systemic fibrosis, vasculopathy, and breach of self tolerance (13) . In this regard, the antioxidant effect of MSCs as described in other diseases seems appealing (46) (47) (48) . On the whole, the pleiotropic effects we observed, which lasted long after MSC survival in the tissues, could result from crosstalk between healthy infused MSCs and the environment, including resident progenitor cells. Several recent studies have shown that abnormal stem cell activation might drive fibrogenesis in animal models (49, 50) as well as in human SSc (24) . A possible explanation might be that the reintroduction of exogenous healthy MSCs could revert the altered phenotype of resident progenitor cells and restore their ability to counteract the pathologic process.
In conclusion, we demonstrate the therapeutic effects of systemic infusion of MSCs in a relevant model of diffuse SSc, both in a preventive as well as in a curative approach after disease clinical onset. Taken together, our results support the pleiotropic effects of MSCs following activation by the surrounding oxidative environment and acting through antiinflammatory and antioxidative responses, as well as tissue remodeling. These promising results obtained in murine SSc hold new hope for upcoming clinical trials of MSCs in this multifaceted disease.
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